A two-dimensional computational model for the hot-filament chemical vapour deposition (HFCVD) process to produce diamond films is presented. The model solves the overall continuity, momentum, energy and species continuity equations inside the reaction chamber of a HFCVD reactor. The gas-phase homogeneous reactions are represented by a simplified reaction mechanism. The model incorporates the catalytic production of H radical at the filament surface. Expressions representing the recombination of the H radical at surfaces and the growth rate of diamond film on the substrate were coupled to the gasphase transport equations. The computational model was solved numerically by means of a commercial software. The model predictions showed good agreement with the experimental data reported in the literature in terms of both gas temperature and CH 3 concentration profiles along the filament-to-substrate centre distance and with experimental data of the growth rate of diamond films obtained in a laboratory HFCVD reactor. Numerical simulations considering one, three and five filaments were conducted. The results showed that as the number of filaments increases, the concentration of CH 3 in the reaction chamber increases as well as the rate of growth of the diamond film being produced. The shape and dimensions of the reaction chamber, filaments and substrate were found to significantly affect the model predictions. Therefore, the use of computational fluid dynamics techniques in the analysis of HFCVD reactors must be exercised with caution.
Nomenclature
Diamond bulk density σ Å Collision diameter used in equations (9) and (10) σ iH 2 Å Collision diameter used in equations (11) 
Introduction
Diamond films are considered as materials with various potential applications because of their unique physical and chemical properties. Diamond is the hardest material so far known; it has broad optical transparency and displays semiconductor properties on doping. Because of their scarcity in nature, researchers have developed a number of techniques to grow diamond films under metastable conditions at vacuum pressures. One such technique is the hot-filament chemical vapour deposition (HFCVD) process [1] . In this process, a dilute gas mixture of a hydrocarbon in hydrogen is activated by contacting a hot filament at high temperature. This produces a number of gas-phase radicals which are in turn precursors of the synthesis of diamond film on the substrate surface. The characteristics of the diamond films thus produced are dependent upon a number of factors such as substrate temperature, the nature of the substrate material and the gas-phase composition, among others. Because the complexity of the processes involved in a HFCVD reactor is high, computational fluid dynamics (CFD) models are useful tools in the analysis of such systems. Various mathematical models of the HFCVD reactor have been reported in the literature. They are summarized in table 1. The following discussion presents a brief review of the main contributions made by each model. Goodwin and Gavillet [2] formulated the first one-dimensional model of the HFCVD reactor. The model predictions showed qualitative agreement with measurements [3] of species concentration. The results obtained by the authors suggested that two-and three-dimensional effects must be taken into consideration in order to realistically represent the overall system. Frenklach and Wang [4] incorporated a detailed surface reaction mechanism which was coupled to the gas-phase governing equations. The authors studied the effect of temperature, pressure, initial methane composition and the addition of oxygen, on the growth rate and uniformity of the diamond film. Dandy and Coltrin [5] implemented a simple model of the filament poisoning and studied the effect of the gas temperature discontinuity on the species distributions. Ruf et al [6] showed that the heterogeneous chemistry taking place on the substrate surface affects the concentrations of CH 4 and H radical whereas it does not affect CH 3 and C 2 H 2 concentrations.
Debroy et al [7] developed the first two-dimensional model of the HFCVD process. The authors showed that the convection terms can be assumed to be negligible compared with the diffusion terms in both heat and mass transfer equations throughout the reaction chamber, thus concluding that diffusion mechanisms are mostly responsible for both heat and mass transfer inside the reaction chamber. Kondoh et al [8] solved the full set of governing equations and compared their results with a previous deposition study [9] for a wide variety of operating conditions. Wolden and Gleason [10] presented the first study that addressed the heterogeneous production of H radical on the filament surface. The authors showed that the catalytic activity of the filament is mostly responsible for the H radical production. Childs et al [11] pointed out that gas-phase chemical reactions have a little effect on the production of H radical in this process. Mankelevich et al [12] proposed expressions to represent the heterogeneous production of H atoms on the filament surface and the growth rate of the diamond films on the substrate. Their model predicted with good accuracy the gas-phase concentration profiles [13] . In a recent paper [14] , the authors extended their formulation to a three-dimensional framework. Their results showed that two-dimensional models are sufficient to reasonably represent the main features of this process.
Overall, it is noted that one-dimensional models [2, [4] [5] [6] which consider detailed gas-phase reaction mechanisms have contributed to the understanding of the gas-phase behaviour. On the other hand, two-and three-dimensional models [7,10-12, 14, 15] take into consideration multi-dimensional effects and the diamond deposition phenomena at the expense of a simplified gas-phase reaction mechanism. It is of interest to note that most of the relevant phenomena occurring in the HFCVD reactor have been elucidated and represented with reasonable accuracy by the previously discussed mathematical models. Whereas most numerical studies [2,4-6, 12,16] have focused on the development of comprehensive mathematical formulations and their validation with experimental data, to the authors' knowledge no work has been published on the use of the formulations for the engineering analysis of this process. Also, the establishment of the correct boundary conditions to solve the gas-phase governing equations is still uncertain and thus needs to be clarified.
The goal of the present investigation was threefold: (a) develop a two-dimensional computational model capable of describing with reasonable accuracy all the relevant phenomena occurring in the reaction chamber of a HFCVD reactor, (b) test the effect of the number of filaments on the overall performance of a typical HFCVD reactor and (c) test the effect of the boundary conditions imposed to the governing equations on the overall system characteristics.
Methodology
The overall strategy of this investigation involved three steps. The first step consisted of developing a computational model for the HFCVD process and its numerical solution to obtain the gas velocity, gas temperature and gas-phase species concentrations inside the [14] Energy Species continuity reaction chamber. In the second step, the computational model was validated by comparing its predictions with experimental data for the gas temperature and gas-phase CH 3 concentration in the HFCVD reactor reported by Wahl et al [13, 17] . Also, the rate of growth of the diamond film predicted by the model was compared with experimental data collected in a laboratory HFCVD reactor. The third step consisted of analysing the effect of the number of filaments on the gas temperature, CH 3 and H concentrations and the growth rate of the diamond films produced in Wahl's reactor [18] . Figure 1 shows a schematic representation of a typical HFCVD reaction chamber. Although the present formulation can accommodate a variety of reactor geometries, in this work the reactor reported by Wahl [18] is used as an example. The reactor consists of the reactor vessel, Overall continuity:
Model Formulation
Momentum in x direction:
Momentum in y direction:
Energy:
Species continuity of species i:
where Net mass flux of species i:
Diffusive mass flux of species i:
Net generation of species i by homogeneous chemical reactions:
a hot filament, a substrate and the openings for the inlet and outlet gas streams. The feed consisting of a dilute gas mixture of methane in hydrogen enters the reactor chamber flowing downwards, it contacts the filament and it further flows in all directions towards the reactor outlet. The following assumptions were made: (1) two-dimensional framework, (2) laminar flow, (3) Cartesian reference frame, (4) negligible radiant heat transfer and (5) steady state operation. Table 2 shows the gas-phase governing equations. Equation (1) states the total mass conservation equation. Equations(2) to (5) describe the components of the gas velocity (v x and v y ), the gas temperature (T ) and the gas-phase species concentration (Y ), respectively, as functions of position inside the reaction chamber. Table 3 shows the expressions used to compute the gas-phase transport properties. Because the gas mixture throughout the reaction chamber is highly concentrated in H 2 , the viscosity and thermal conductivity of the gas mixture were set to those of pure H 2 . Similarly, the Fickian and Soret diffusivities of the gas-phase species were set to the binary values of those species in H 2 . The gas phase was assumed to obey the ideal-gas law.
The gas-phase reaction mechanism used in this study is shown in table 4 and is based on the mechanism proposed by Mankelevich et al [12] . The simplified reaction mechanism consists of twelve chemical reactions involving nine species: H, H 2 , CH 3 , CH 4 , C 2 H 2 , C 2 H 3 , Table 3 . Equations for gas-phase transport properties.
Mixture viscosity:
Mixture thermal conductivity:
Species Fickian diffusivity:
Species mixture Soret diffusivity: 
for which the reaction rate was defined by
The forward and reverse rate constants in equation (14) were computed from
Equations (1) to (4) were solved with the following boundary conditions. The velocity of the gas mixture was set to zero at the walls, filament and substrate. The inlet gas velocity was specified by dividing the gas volumetric flow rate by the inlet cross-section area. The gas temperature at the walls and inlet was set to room temperature. In the vicinity of the filament, the temperature discontinuity assumption was made [5, 16] . The gas temperature next to the substrate was set to the experimental values [13, 17] . The boundary conditions for equation (5) are shown in table 5 .
The H atom plays a critical role in the HFCVD process. It is considered responsible for initiating most of the gas-phase chemical reactions, etching preferentially non-diamond carbon, stabilizing the diamond surface and contributing to the substrate heating by exothermic recombination [19] . It is widely accepted [6, 11, 12, 19, 20] that the H radical recombines at the walls of the reaction chamber to produce H 2 by means of the heterogeneous chemical reaction:
(28) Table 5 . Boundary conditions for the gas-phase continuity equations.
Position Boundary condition
Inlet:
Walls: (27) In this study, the recombination of the H radical at the walls and the substrate was modelled assuming that the rate of consumption of the H radical is proportional to the frequency of bombardment of the H radical on the walls and substrate [21] . This is represented by boundary conditions (18) and (24), respectively. The corresponding rate of H 2 production was established from the stoichiometry of equation (28), i.e. boundary conditions (19) and (25) .
The specification of the boundary condition for the H radical at the walls was found to be a critical step in the computer modelling of the HFCVD reactor. Under identical input parameters, the concentration contours of H obtained with the above boundary condition were substantially different to those obtained by setting the zero flux condition at the walls, i.e. n H = n H 2 = 0. The latter approach has been used by other researchers [20] . This topic is further discussed in the last section of this article.
The production of H radical is believed to occur at the filament surface due to the dissociation of H 2 by a series of heterogeneous chemical reactions [2, 5, 11, 16, 20] . The H radical thus produced diffuses into the gas phase and triggers the homogeneous chemical reactions. The formulation of the boundary condition for the H radical continuity equation at the filament surface requires a detailed description of the reaction mechanisms occurring at the filament surface. Because no experimental evidence on such reaction mechanisms have yet been reported in the literature, several authors [6, 11, 20] have assumed a constant value for the H concentration at the filament surface. This assumption, which is based on equilibrium considerations at the filament surface, has been found to agree well with the experimental data in terms of the concentrations of the gas-phase species [5, 20] . In the absence of experimental information concerning the reaction mechanisms occurring at the filament surface, the above procedure was adopted in this work as well.
The specification of the concentration of the H radical at the filament surface from the above procedure is not a trivial task. This is because the stoichiometric relationship (equation (28)) must be satisfied in addition to the specified boundary condition for H. The appropriate value for the concentration of H at the filament surface was obtained by the numerical procedure described below.
First, the computational model was solved by assuming a constant rate of H radical production at the filament surface, R H . Thus,
According to equation (28) , the boundary condition for H 2 was set as follows:
Once the continuity equations for the H radical and H 2 with boundary conditions (29) and (30) reached steady state values, the calculated concentrations for these species were set to Y H * and Y H 2 * in table 5. The computer model was solved again and the CH 3 concentration profile along the filament-to-substrate centre distance was computed. If a reasonable agreement between the predicted and the experimental values of Wahl et al [13] was not obtained, a new value for the rate of H radical production (equation (29)) was specified and the process repeated. Upon convergence, in all subsequent calculations, the boundary conditions for H and H 2 were established according to table 5. For the present calculations, Y H * and Y H 2 * were found to be 0.036 and 0.933, respectively.
At the substrate surface, the boundary conditions representing the consumption of H and CH 3 radicals and the generation of H 2 by H radical recombination, represented by equation (28), were established. According to Mankelevich et al [12] , the rate of growth of the diamond film is given by
where
The recombination coefficient of the H radical at a diamond-coated surface [22] is
whereas the recombination coefficient of the H radical at the walls was assumed constant and its value was set to 0.01 [11] . For species other than H, H 2 and CH 3 , the zero flux condition (n i = 0) was specified at the walls, filament and substrate. In equations (31) to (33), T s is given in kelvins and R is in kcal mol −1 K −1 . The numerical solution of equations (1) to (5) subject to the appropriate boundary conditions was obtained within the framework of the STORM/CFD2000 computational software [23] . The reactor geometry was discretized on a non-uniform grid using a finitevolume approach. The governing equations were solved in Cartesian coordinates by means of the pressure implicit with splitting operators (PISO) method. Upon convergence, the computer results were analysed by means of a visualization software built in the STORM/CFD2000 software. Figure 2 shows a schematic diagram of the HFCVD reactor used in this study. The goal of the experiments was twofold: (a) determine the rate of growth of the diamond films under controlled conditions and (b) provide experimental data to validate the computational model. In a typical experiment, the reaction chamber was first evacuated by means of a mechanical pump down to an initial pressure of 10 −3 Torr. The total operation pressure was set to 10 Torr, and it was controlled manually by means of a precision valve. The total pressure was measured by a convectron unit. The inlet gas flow rate was 150 cm 3 min −1 , and it was supplied by two mass flow controllers. In all the experiments, a gas mixture consisting of 1 mol % CH 4 and 99 mol % H 2 was used. Prior to the experiment, the substrate surface was scratched with diamond paste of 1 µm grain size to promote diamond nucleation. The filament temperature was measured by means of an optical pyrometer, whereas for the substrate a type-K thermocouple was used. In all the experiments, the temperatures for the filament and the substrate were kept at approximately 1900
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• C and 900
• C, respectively. The separation between the filament and the substrate in all runs was set to 4 mm and the filament was placed 15 mm away from the gas inlet. The diamond films thus produced were characterized by scanning electron microscopy (SEM) and Auger electron spectroscopy (AES) techniques.
The experimental measurement of the growth rate of the diamond films was determined as follows. Three diamond films were grown upon 160, 260 and 360 min operation time. The film thickness was determined by a cross-sectional analysis of the diamond films by means of SEM. For every cross-sectional sample, four cross-sectional micrographs of each sample were obtained. Using the Scion Image Software [24] , the micrographs were numerically analysed and thus the mean film thickness was determined. Finally, the rate of growth of the diamond film was determined by plotting the mean film thickness versus operation time and calculating the slope of the straight line obtained.
Discussion of results

Gas-phase model validation
The experimental data reported by Wahl et al [13, 17] were used to validate the gas-phase equations of the computational model. The model parameters used in the simulations are shown in table 6. The computational mesh used to represent the reactor geometry is shown in figure 3 . Due to the axial symmetry of the HFCVD reactor, one half of the reaction vessel was sufficient to simulate the reaction chamber. Along the symmetry axis, the gradient for all the dependent variables was set equal to zero, whereas the remaining boundary conditions were specified according to table 5. Figure 4 shows the predicted and experimental gas temperature profiles along the filamentto-substrate centre distance. This trajectory is represented in figure 1 by the vertical dashed line joining the filament and the substrate. The predicted results slightly overestimated the experimental data in the interval of 1 to 5 mm. However, the overall trends observed in the experiments of Wahl et al [17] are reproduced by the computer model. There is still a controversy about which gas-phase species contribute mostly to the growth of diamond. While a number of researchers [1, 12, 25] have proposed the CH 3 radical as the main precursor, others [2, 4, 7, 26] attribute the growth of diamond to the C 2 H 2 molecule. In this investigation, the CH 3 concentration was used to validate the present model because of the availability of its experimental data [13, 17] . Figure 5 shows a comparison between the predicted and experimental values for CH 3 concentration along the filament-to-substrate centre distance. The model predictions slightly overestimated the experimental data within the range 3 to 7 mm from the filament. However, the trends observed for the CH 3 radical are reproduced reasonably by the computational model. It is of interest to note that the model predicts the maximum in the CH 3 concentration value at a distance of approximately 2 mm from the filament surface, which seems to agree with the experimental observations.
The presence of a maximum in the CH 3 concentration profile in figure 5 can be attributed to the Soret effect [27] ; that is, the transport of mass of the gaseous species as a result of strong temperature gradients in the gas phase [21] . This phenomenon is represented by the second term on the right-hand side of equation (7) . When this term was not included in the formulation, the CH 3 concentration profile in figure 4 did not show such a maximum. Figure 6 shows SEM micrographs of the film obtained upon 360 min of operation. The micrographs corresponding to 160 and 260 min presented a similar morphology and thus are not shown here. It is noted that the film grew over the entire substrate surface ( figure 6(a) ) and that the diamond crystals are [1 1 1]-oriented (see figure 6(b) ). Figure 7(a) shows the AES analysis of the film, and figure 7(b) shows the typical AES analysis of amorphous carbon, which is used here as a reference [28] . The AES analysis of the film thus obtained agrees with the characteristic AES analysis for diamond [29] . Thus, figure 7(a) proves that the films produced in this study were indeed diamond films. Figure 8 shows a cross-sectional SEM micrograph of the diamond film obtained upon 360 min operation time. Similar SEM micrographs were taken for the films obtained upon 160 and 260 min operation time. With the procedure described above, the mean thicknesses of the films were determined. They are plotted as a function of operation time in figure 9 . It is noted that the experimental data reasonably fit a straight line with a slope of 2.0 µm h −1 , which represents the experimental growth rate of the diamond films under the conditions tested in the reactor of figure 2. Figure 10 shows the computational mesh used to represent the reactor geometry shown in figure 2. The corresponding model parameters used in the computer simulations are shown in table 7. Because the goal of the present calculations was to compare the growth rate of the diamond film predicted by the model with the experimental value obtained previously, the model predictions regarding the gas-phase characteristics are not discussed here. The diamond growth rate predicted by the model along the substrate surface is shown in figure 11 . The model predicts a fairly uniform rate of growth along the substrate surface with a mean value of 2.7 µm h −1 . Considering the complexity of the process being modelled and the number of uncertainties in the formulation, the predicted value is in reasonable agreement with the experimental value.
Experimental measurement of the growth rate of diamond films
Validation of the computer model with growth rate of diamond films
Analysis of Wahl's reactor
Because the computational model reasonably represents the experimental data in terms of gas temperature, gas-phase concentration and the growth rate of the diamond films, it can be used to analyse the main features of a HFCVD reactor. In this study, the Wahl's reactor [18] was used as an example. Figure 12 shows the gas temperature contours predicted by the model inside the reaction chamber of Wahl's reactor. Significant temperature gradients are observed in both the x and y directions within the area enclosed between the filament and the substrate. Thus, two-dimensional effects in this area are relevant regarding gas-phase heat transfer phenomena. The strong temperature gradients are also responsible for the transport of mass of the gaseous species due to the Soret effect, as was noted previously.
The predicted CH 3 concentration contours inside Wahl's reactor are shown in figure 13 . The relevance of two-dimensional effects in mass transfer is noted since steep concentration gradients are observed in both the x and y directions throughout the reaction chamber. The maximum in the CH 3 concentration value shown in figure 5 is represented in figure 13 by the small pink area just below the filament. The effect of boundary condition (26) which represents the consumption of CH 3 at the substrate surface on the CH 3 concentration distribution is also noted because the CH 3 concentration just above the substrate is significantly lower than its maximum concentration value predicted in the reactor.
The concentration contours shown in figure 13 are given as number of radicals per cubic centimetre. Thus, the numerical values are strongly affected by the local gas temperature in the reaction chamber, which in turns affects the gas density. The minima shown in the vicinity of the walls as well as the maximum in the vicinity of the filament do not appear when the figure 14 . In this case, the highest concentration of H radical is found in the vicinity of the filament. This is an expected result because H is produced on the filament surface. Figure 14 shows that H diffuses from the filament to the surrounding gas phase, thus producing a radial distribution around the filament. Goodwin and Gavillet [2] and Connell et al [20] have shown that molecular diffusion is the main mechanism for the transport of the H radical in the HFCVD system and that the recombination of this radical in the gas phase does not affect its concentration distribution. Therefore, the predicted H radical distribution results from the radial molecular diffusion of H radical in the gas mixture. In the area just above the substrate, a considerable H radical loss is observed. This may be attributed to the recombination of H radicals on the substrate surface according to boundary conditions (24) and (25).
The effect of the number of filaments on the growth rate
The present formulation can be used to test the effect of the operation variables on the overall system responses. Examples of variables that can be tested include the inlet gas-phase composition, gas pressure and reactor geometry. Response variables that can be analysed Growth rate of diamond film, include the magnitude of the growth rate of the diamond films, the uniformity of the films produced in the HFCVD reactor and the gas-phase characteristics, among others. From an engineering perspective, the systematic analysis of the HFCVD reaction chamber by means of computer modelling will eventually lead to a better understanding of the process and thus to process optimization. As a first step towards the engineering analysis of the HFCVD reactor, the effect of the number of filaments on the overall system characteristics was analysed in this work. This was accomplished by predicting the performance of Wahl's [18] reaction chamber with three and five filaments placed in parallel, with 0.75 mm separation in between. The other parameters were identical to those shown in table 6 . Figure 15 shows a comparison of the gas temperature contours expected in the reaction chamber for one-and three-filament configurations. Substantial differences are noted. Overall, Figure 12 . Predicted gas temperature contours inside the reaction chamber of Wahl's reactor [18] . Values in kelvins. higher temperature values are observed when three filaments are used. Also, the zone enclosing the highest temperatures values represented by the red colour occupies a larger area than the high-temperature zone in the one-filament configuration. The temperature contours in the three-filament configuration tend to follow a symmetry pattern around the filaments. In contrast, in the one-filament configuration the temperature contours tend to be skewed. The above differences increase when the results for the one-and five-filament configurations are compared. This is shown in figure 16 . It is noted that the zone enclosing the highest temperatures values represented by the red colour occupies an area much larger than the high-temperature zone in the one-filament configuration. It is also larger than the three-filament configuration. The general observation is, as the number of filaments increases, the gas temperature throughout the reaction chamber increases and the temperature contours tend to obey a circular pattern around the raw of filaments. These results suggest that the rate of growth of the diamond film will increase as the number of filaments increases in the reaction chamber. Figure 17 shows the predicted gas temperature profiles along the filament-to-substrate centre distance for all the three configurations of filaments. This plot was obtained from figures 15 and 16. The gas temperature profile for the configuration of one filament presents the steepest temperature gradients in the filament vicinity. For the three-filament configuration, the gas temperature increases in the whole interval. The gas temperature profile corresponding to the five-filament configuration resembles a linear temperature profile.
The gas temperature profile for the five-filament configuration tends to be linear because this filament configuration resembles the case of heat transfer from a hot plate, the raw of filaments, parallel to a cold plate, the substrate. Thus, in the area between the filament and the substrate the gas temperature gradients in the x direction are negligible compared with those in the y direction. Under steady state conditions, the temperature profile is linear [2, 5] .
It is of interest to note that the linear temperature profile is presented in several onedimensional models reported in the literature [2, 5, 6] . This indicates that as the number of filaments increases in the present model, the predicted gas temperature profile will be more similar to that obtained by one-dimensional models. However, this similarity between oneand two-dimensional models is valid for the gas temperature only. Figure 18 shows a comparison between the predicted CH 3 concentration contours for one-and three-filament configurations. It is observed that the CH 3 concentration increases in the whole region between the filament and the substrate. In both contour plots, maximum CH 3 concentration zones above and below the filament are observed. In the three-filament configuration, the maximum CH 3 concentration zone occupies a larger area than in the one-filament configuration. Also, the effect of the boundary condition (26) representing the consumption of CH 3 radicals on the substrate is observed. This is noted because the CH 3 concentration just above the substrate is significantly lower than the predicted maximum concentration of CH 3 in the reactor for both configurations. Figure 19 shows a comparison between the predicted CH 3 concentration contours for one-and five-filament configurations. The predicted CH 3 concentration distribution with five filaments is significantly higher than that predicted by one filament. In the five-filament case, the high CH 3 concentration zone (red colour) occupies a larger area than the corresponding zones (green colour) in the one-filament configuration.
In figure 20 the CH 3 concentration profiles along the filament-to-substrate centre distance for all the three configurations of filaments are shown. This plot was obtained from the reported values in figures 18 and 19 and is of interest because along this distance the gas-phase composition is typically measured experimentally. These measurements are further used to validate computational models. Figure 20 shows that the values of CH 3 concentration increase along the filament-tosubstrate centre distance as the number of filaments increases. It is of interest to note that the maximum in the CH 3 concentration value is presented in the three curves shown in figure 20 . However, the maximum is displaced gradually in the substrate direction (i.e. towards the righthand side in figure 20) as the number of filaments increases. This behaviour can be explained as follows. As the area of high gas temperature around the filaments (see figures 15 and 16) increases, the thermal diffusion of CH 3 radicals towards the cold zones in the reactor is favoured according to the Soret effect discussed previously. That is, CH 3 radicals diffuse at a higher rate from the reactor central zone towards the reactor walls.
The increase in the CH 3 concentration as the number of filaments increases is the result of increasing the filament contact area with the gas. This causes more H 2 to be dissociated and a higher number of H radicals to be produced. These radicals react with CH 4 thus producing more CH 3 according to the reactions shown in table 4.
In figure 20 it is noted that, as the number of filaments increases from one to three, the CH 3 concentration increases by approximately 0.4 × 10 13 radicals cm −3 along the filamentto-substrate centre distance. In contrast, when the number of filaments increases from one to five, the CH 3 concentration increases by approximately 0.1 × 10 13 radicals cm −3 along the filament-to-substrate centre distance. This uneven increment in the number of CH 3 radicals as two filaments are increased subsequently indicates that the relationship between these two variables is not linear. This is the result of two-dimensional effects taking place in the immediate area between the filament and the substrate. These effects are clearly seen in figures 18 and 19.
The growth rate of diamond film, G, was computed according to equation (31). Figure 21 shows the computed profiles of G along the substrate surface for the three configurations of filaments. The value of G shows a minimum at the substrate centre and increases towards the substrate edges in the three cases. This behaviour is due to the presence of concentration gradients of CH 3 and H radicals in the direction parallel to the substrate surface. These gradients are generated by the depletion of both radicals at the deposition surface. In figures 18 and 19, it is observed that the zone of the lowest CH 3 concentration values above the substrate surface is located at its centre.
It is noted that as the number of filaments increases the growth rate of diamond film increases as well. This is due to the increase in both the CH 3 and H concentration in the vicinity of the substrate as the number of filaments increases.
The effect of the boundary conditions on the model predictions
During the calibration stage of the computational code, a number of tests were done in order to determine the numerical and physical parameters, more appropriate for the simulation of the HFCVD process. Here, the effects of some of these parameters on the model predictions are briefly discussed. In the early stage of this study, the Wahl's reactor [18] was represented by a reduced computational domain comprising the small zone in the vicinity of the filament and the substrate. This approach is based on the hypothesis that the volume in which the chemical reactions and the film deposition occur is considerably smaller than the volume of the reaction chamber. It also assumes that the reactor walls play no significant role in the overall system responses. The results obtained for the reduced geometry were compared with those corresponding to the original reactor dimensions. Significant differences between the gas temperature and CH 3 concentrations contours between both the geometries were found. These results showed that the specification of the actual reactor geometry is a critical step in the computer simulation. As a result, all calculations reported in this paper were done with the original dimensions of the Wahl's reactor [18] .
It was also noted that the contribution of the convective transport, i.e. the first term on the left-hand side of equations (1) to (4), was negligible compared with the other terms in the equations. This was shown by comparing the model predictions with and without the convective terms, thus finding no substantial differences in the model predictions. Such results agree well with those reported by other authors concerning the magnitude of the convection terms [2, 6, 7] .
The selection of the boundary condition for the continuity equation of the H radical (equation (5) in table 2) substantially affected the model predictions. Connell et al [20] reported the use of the zero flux boundary condition for the H radical continuity equation. Wolden and Gleason [10] and Childs et al [11] specified a negligible H concentration at the reactor walls. Mankelevich et al [12, 14] did not explicitly mention the boundary condition used for the H radical at the reactor walls. During preliminary calculations, the zero flux condition (n H = 0) was used at the reactor walls in this study. The results obtained showed a maximum in the H radical concentration value at the reactor walls. Such results do not agree with the recombination process of the H radical at the reactor walls which has been verified experimentally [11] . To solve this problem, the boundary condition for the H radical was modified by considering the consumption of the H radical and production of H 2 at the walls (n H = −2n H 2 ). The new predictions showed a maximum in the H radical concentration values in the vicinity of the filament. Such results were expected because the H radical is produced at the filament [20] .
From the previous discussion, it is clear that the generalization of the computer results for a particular HFCVD reactor to other HFCVD geometries must be done with caution. This is because the multi-dimensional effects may be of different magnitude in every system. As an example, figures 11 and 21 show that the rate of growth of the diamond films may follow different trends along the substrate surface depending on the reactor geometry. For the laboratory reactor used in this study (figure 2), the rate of growth is fairly constant along the substrate surface, whereas for Wahl's reactor (figure 1), the rate of growth increases towards the substrate edges. As a final remark, the analysis of a particular HFCVD reactor by means of computational modelling requires the careful selection of the numerical and physical parameters, as well as the appropriate boundary conditions to avoid erroneous interpretations.
Conclusions
A two-dimensional computational model for the hot-filament chemical vapour deposition (HFCVD) of diamond films was developed. The comparison of the model predictions with the experimental data showed good agreement in terms of both temperature and methyl concentration profiles along the filament-to-substrate centre distance and with the experimental data of growth rate of diamond films obtained in a laboratory HFCVD reactor. The simulations showed that two-dimensional effects in heat and mass transfer are important because significant temperature and concentration gradients are observed in both the x and y directions. It was found that the recombination of the H radical at walls must be considered in order to obtain realistic predictions.
The numerical results indicate that as the number of filaments increases both the CH 3 concentration and growth rate of diamond film increases as well. The parametric study showed that factors such as reactor geometry, number of filaments and substrate geometry significantly affect the system behaviour and therefore, must be considered during the design and optimization of the HFCVD process. The present formulation shows potential as a useful tool for the further design and optimization of the HFCVD process.
